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1.  What's Out There? 







Impactor Sizes and Frequencies 
 
 
Description            Size      Energy    Average Interval 
meteorite              10 cm       low             ~1 min 
Chelyabinsk          18 m     440 kT           ~100 y 
Tunguska              50 m     10 MT          ~3,000 y 
civilization ender  1.5 km   106 MT      ~1,000,000 y 
dinosaur killer       10 km   108 MT    ~100,000,000 y 
"Average" deaths per year from asteroids: 
"Average" deaths per year from asteroids: 
 
about 100 
"Average" deaths per year from asteroids: 
 
about 100 
 
(Sharks: 5.  Lightning: 24,000.) 
Largest Near Earth Asteroid: 433 Eros 
30 km 
~100,000 Near Earth Asteroids 
>140 m 
Undiscovered 
~20,000 Potentially 
Hazardous Asteroids 
>140 m, <0.05 AU 
Undiscovered 
10% Found 
6% Found 
Undiscovered 
~20,000 Potentially 
Hazardous Asteroids 
>140 m, <0.05 AU 
90% Found? By 2020? 




2.  Mitigating Asteroid Hazards 


Warning time 
Zero to a few hours 


Decades 



There must be no big pieces. 
There must be no big pieces. 
 
Rubble absorbs impulses. 
There must be no big pieces. 
 
Rubble absorbs impulses. 
 
Must use 3x more energy. 

~1 cm/s 

Radial:  dmax  2ΔvP/π 
Original Orbit 
Modified  Orbit 
Push 
Here 
Original Orbit 
Modified  Orbit 
Push 
Here 
Out-of-plane:  dmax  ΔvP/2π 
Original  Orbit 
Push 
Here 
Original Orbit 
Modified  Orbit 
Tangential:  d  3Δvt 
Push 
Here 
Original Orbit 
Modified  Orbit 
Tangential:  d  3Δvt 


Miss distance ~100x greater. 
Miss distance ~100x greater. 
 
Must avoid "keyholes." 
Rendezvous: 
 
 
 
 
 
 
Hard, but we've done it. 
Landing: 
 
 
 
 
 
 
Hard, but we've done it. 
High speed targeting: 
 
 
 
 
 
 
Hard, but we've done it. 
Anchoring: 
 
 
 
 
 
 
Very hard, no good solution. 


Drilling and Excavating: 
 
 
 
 
 
 
Extremely hard, no solution. 


Standoff Nuclear Blast 
Standoff Nuclear Blast 
 
Detonate a nuclear weapon close to the asteroid.  The radiation pulse 
vaporizes surface material, making a strong reaction force. 
 
Pros 
Best "bang per kilogram" of all methods. 
Proven technology.  
May not even require rendezvous. 
Can be fielded quickly. 
Powerful enough to deflect an asteroid with a short lead time. 
Thrust vector easily aimed. 
 
Cons 
Nukes in space. 
Sensitive to poorly-known surface properties. 
~3-fold unpredictability of resulting Δv.  
Surface Nuclear Blast 
Surface Nuclear Blast 
 
Detonate a nuclear weapon on the asteroid. The radiation pulse 
vaporizes surface material, making a strong reaction force. 
 
Pros 
Good "bang per kilogram." 
Proven technology.  
Thrust vector easily aimed. 
 
Cons 
Nukes in space. 
Requires landing. 
Sensitive to poorly-known surface properties. 
~3-fold unpredictability of resulting Δv.  
Might create fragments large enough to still be dangerous. 
Buried Nuclear Blast 
Buried Nuclear Blast 
 
Hollywood-approved method. Detonate a nuclear weapon buried 
beneath the surface of the asteroid. The blast throws material into 
space, making a strong reaction force. 
 
Pros 
Good "bang per kilogram." 
Proven technology.  
 
Cons 
Nukes in space. 
Requires landing, anchoring, and drilling. 
Sensitive to poorly-known bulk properties and internal structure. 
~3-fold unpredictability of resulting Δv.  
Might create fragments large enough to still be dangerous. 
Kinetic Impact 
Kinetic Impact 
 
Hollywood-approved method. Place a heavy spacecraft where the 
asteroid will run into it. The resulting collision and crater excavation 
makes an orbit-changing reaction force. 
 
Pros 
Proven technology.  
 
Cons 
Requires high-speed targeting. 
Sensitive to poorly-known bulk properties and internal structure. 
~3-fold unpredictability of Δv.  
Attached Rocket Engine 
Attached Rocket Engine 
 
Land a rocket engine on the surface to push directly on the asteroid. 
Chemical, solar-electric, and nuclear-thermal options have been 
offered. 
 
Pros 
Predictable Δv. 
 
Cons 
Requires landing and anchoring. 
Requires a lot of propellant. 
Thrust efficiency reduced by asteroid rotation. 
Slow-push political concerns.  
Attached Mass-Driver Engine 
 
Attached Mass-Driver Engine 
 
Land a mass driver on the surface and launch asteroid material into 
space to make a reaction force. 
 
Pros 
Uses local material instead of propellant brought from Earth. 
 
Cons 
Unproven technology. 
Requires landing, anchoring, and excavation. 
Thrust efficiency reduced by asteroid rotation. 
Slow-push political concerns. 
Feedstock delivery technology does not exist. 
Power source for mass driver is a technology challenge.  
Attached Solar or Magnetic Sail 
Attached Solar or Magnetic Sail 
 
Tie a solar or magnetic sail to the asteroid and use radiation pressure 
or the solar wind to provide thrust. 
 
Pros 
No propellant needed. 
 
Cons 
Unproven technology. 
Requires anchoring. 
Asteroid rotation may make tethering impossible. 
Slow-push political concerns. 
Solar Concentrator Reaction Engine 
Solar Concentrator Reaction Engine 
 
Park a large curved mirror next to the asteroid and focus sunlight on it. 
The material that boils off creates a reaction force. 
 
Pros 
No propellant needed. 
 
Cons 
Unproven technology. 
Slow-push political concerns. 
Laser Reaction Engine 
Laser Reaction Engine 
 
Fire a powerful laser at the asteroid. The material that boils off creates 
a reaction force. 
 
Pros 
No propellant needed. 
 
Cons 
Unproven technology. 
Slow-push political concerns. 
Power source for laser is a technology challenge. 
 
Gravity Tractor 
Gravity Tractor 
 
Pull the asteroid behind a hovering spacecraft, using gravity as a 
towline. 
 
Pros 
Proven technology. 
Insensitive to asteroid mechanical properties and rotation. 
Good control of thrust vector. 
Predictable Δv. 
 
Cons 
Very low acceleration. 
Slow-push political concerns. 
Albedo Modification (Yarkovsky Effect) 
Albedo Modification (Yarkovsky Effect) 
 
Paint the asteroid white (or black), changing its radiative properties. This 
will change the strength of the Yarkovsky effect. 
 
Pros 
No propellant needed. 
 
Cons 
Very low acceleration. 
Poor control of thrust vector. 
Unproven technology. 
Very sensitive to asteroid surface properties. 
Very sensitive to asteroid rotation speed and direction. 
Slow-push political concerns. 
Applying the paint is technically challenging. 
National Research Council 
 
Defending Planet Earth: Near-Earth Object 
Surveys and Hazard Mitigation Strategies: 
Final Report (2009).  
 
 
 
 
 
 
 http://www.nap.edu/catalog/12842.html 
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3.  Human Missions to Asteroids 

 
Really Hard 




540 m 
109 m 















120 m 
50 m 
9 m 

4.  Conclusion 





The End 
Any questions? 
